The alternating current (AC) 
Introduction
Ferromagnetic materials are widely used in the electric power, railway, pressure vessels and other industries. In the use of materials, the stress concentration and fatigue would cause safety accidents if not be found and dealt with in time. Therefore, it is of great significance to detect the stress concentration and fatigue quickly and accurately.
In the magnetic detection, the permeability is one of the most important parameters of the ferromagnetic materials, which can reflect the information of the stress [1] , fatigue [2] , physical and chemical properties [3] . At present, the most frequently used methods to obtain the magnetic characteristics of the ferromagnetic materials are the direct current (DC) magnetization and hysteresis loop [4] . However, in the DC magnetic processing, there is a requirement of large coil and current to saturate the materials, which is inconvenient to the online detection. Compared with the DC magnetization, the AC magnetization can make materials saturated only with the small current and coil, which is convenient for the online measurement.
The AC magnetization method was first proposed by G.Katragadda and his collaborators to the detection of surface cracks in the ferromagnetic materials [5] , Keiji Tsukada used the AC magnetization method to establish the crack analysis model using the finite element methods [6] . Luo [7] and Kang [8] analyzed the signals on the surface of the X80 steel pipes. Yin and Liu [9] [10] tested the residual stress distribution of the steel plate by four-feet probe, and the results showed a good agreement with the stress-strain methods. In the 2017, the magnetic signals of the surface and internal crack of the thick steel plates were studied by Keiji Tsukada, et al [11] .
In this paper, we use the basic laws in magnetism and Faraday's law to deduce the relation between the permeability and the detected voltage under the conditions of the AC magnetization, and in the meanwhile, we also design and build an experimental system. Based on the system, some corresponding tests were carried out by using the nine-feet probe and the results were analyzed too.
The permeability derivation of nine-feet probe Figure.1 The structure of the nine-feet probe: (a) the side view (b) the side view (c) the top view
The structure of the nine-feet probe is shown in Figure 1 [11] [12] , the middle foot is the detection coil, the 2 S is its sectional area. The others feet are excitation coils and the 1 S are their sectional area. When the AC current was loaded on the excitation coils, an altering flux m Φ will be generated, then the m Φ can form a closed magnetic circle among the excitation coil, detection coil and the tested sample, see the Fig. 2 . According to the theory of magnetic circuit [13] [14] and Kirchhoff's law of magnetic circuit [15] [16] , the magnetic motive force m F can be written as follows:
where 1 n is the turns of the excitation coil, i is the current of the excitation, i H is the magnetic field intensity, and i l is the magnetic path length.
By considering relation between the magnetic field intensity i H and the magnetic induction intensity i B , 3 3 we can get the next equation.
where i µ is the permeability, i S is the cross-sectional area, and m Φ is the magnetic flux.
Submitting the Eq. (2) into Eq. (1), Eq. (3) can be obtained as follows:
In the nine-feet probe, there are eight excitation feet and one detection feet. Each the excitation foot and the detection foot can form a closed magnetic circle. Therefore, the full magnetic flux of the detection foot f Φ can be written as
Making use of the Faraday's law [17] , the electromotive force ( ) t ε of the detection foot can be written as:
where 2 n is the turns of the detection coil, i is the current of the excitation coils, expressed by sin i A t ω = , ω is the angular frequency, and A is the current amplitude. Submitting i into Eq. (5),
we can get
By acting the integral RC on Eq. (6), the detection voltage ( ) U t can be written as:
where R and C are the resistance and the capacitance of the integrator, respectively. With the aid of the experimental data [18] , we have 
Ferromagnetic measurement experiment system
In this section, the experimental system of the AC magnetization is designed and constructed to test the relationship between the permeability and stress of the samples under the conditions of the alternating magnetization [18] [19] [20] [21] , as shown in Figure 3 . Fig. 3 The measurement system Here the signal generator can generate the several different AC signals such as the sine wave, square wave, triangle wave, and so on. In the processing of the test, the sine wave is adopted as signal source whose amplitude and frequency are adjustable. By the power amplifier, the signal from the generator can be transformed to more stable and higher-power sinusoidal signal, which is loaded into the excitation coil to generate a stable excitation magnetic field. If the detection coil is used to receive the changes of magnetic flux and output voltages, then the voltage can be detected by the digital multimeter (or data acquisition system) after the integrator amplified, as shown in Fig. 3 .
In this experiment, two different kinds of the Q-steels were tested under the conditions of the static load. The sizes of the samples are showed in Figure 4 U is larger than 150mV under the stress and external magnetic field, the magnetic switching effect appears in the process of sample magnetization [22] [23] [24] [25] [26] .
Due to the changes of the permeability, the exciting voltage and s F can be discussed as follows. On one hand, the different s F can lead to the different levels of the magneto strictive effects, and the changes of the AC permeability of the samples. On the other hand, there is a tendency in the samples to dislocate under the conditions of the stress when the dislocation happens. When it makes the materials hander, it results in the reduction of the mobility of the dislocation. Moreover, the dislocation slip of the crystal in the samples leads to the great difference of the magnetic properties, when the reversal effect of the magnetization would occur in the samples.
Conclusion
In our work, we deduced therelationship between the detection voltage and the relative permeabilityof the samples by using the Faraday's law and the basic magnetism laws. We also constructed the AC magnetic detection system with the nine-feet probe,then two different kinds of Q steels were tested by this system. It is showed that there is a significant difference in detection voltage values of the relative permeability of the samples under different stress conditions( s F ), the maximum values 0 U ∆ can reach 300mV.
